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SUMMARY 

Studies o f  the hydrodynamic f l ow  of water and 45 percent potassium 
hydroxide (KOH) so lu t i on  through a microporous and an ion-exchange separator 
are described. The permeabi l i ty  values are in te rpre ted  i n  terms o f  a pseudo- 
a c t i v a t i o n  process. The enthalpy o f  ac t i va t ion ,  AH*, and the  entropy o f  
act ivat ion,  AS*, have been estimated from Eyr ing 's  r a t e  equation. h 
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INTRODUCTION 

The performance o f  most electrochemical devices has been l a r g e l y  a t t r i -  
buted t o  the  proper funct ion ing o f  the  separators. During operat ion o f  these 
devices, the  e l e c t r o l y t e  components move from one e lect rode compartment t o  
another through the  separators. Th is  f l ow  depends on the  se lec t i ve  charac- 
t e r i s t i c s  o f  the separator a r i s i n g  from porosi ty,  the  hydroph i l i c  o r  hydro- 
phobic character, and the  charge dens i ty  o f  the  separator. 

The hydrodynamic f l ow  o f  a f l u i d  through a porous medium can be e i t h e r  
viscous f l ow  o r  d i f f u s i o n a l  f l o w  o r  a combination o f  t he  two as character ized 
by i r r e v e r s i b l e  thermodynamics. I f  there i s  a gradient  o f  chemical p o t e n t i a l  
across the  separator, t he  ove ra l l  f l ow  w i l l  be dominated by  t h e  d i f f u s i o n a l  
flow, and i f  there i s  a pressure d i f fe rence (develooed due t o  evo lu t ion  o f  
gases a t  the  electrodes o r  t o  electro-osmosis), t he  f l ow  w i l l  be viscous flow. 
Further, dur ing charging and discharging o f  the  bat tery ,  temperature f l uc tua -  
t i o n s  occur, and these flows vary exponent ia l ly  ( re f .  1 )  wi th temperature. 
The dependence o f  these f lows on temperature i s  character ized i n  terms of t h e  
ac t i va t i on  energy ( r e f .  2). 
parameters f o r  the hydrodynamic f l ow  o f  water and 45 percent KOH s o l u t i o n  
through a microporous separator ( v i z ,  f u e l  c e l l  grade asbestos (FCGA) having 5 
percent b u t y l  l a tex  rubber (EBL) as binder suppl ied by Quinn-T. Co., New 
Hampshire) and an ion-exchange separator ( v i z ,  P2193, 40/60 suppl ied by R A I  
Research Corporation, New York). 

The present study determined a c t i v a t i o n  

EXPERIMENTAL PROCEDURE 

Materi a1 s 

C e r t i f i e d  45 ercent KOH so lut ior ,  (Fisher S c i e n t i f i c )  and deionized water 
(conduct iv i t y  - 10 1 ohm1 c m l )  were used. 
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Associate. 



Apparatus 

The apparatus consisted o f  two ha l f -ce l l s  made o f  Plexiglass.  Each ha l f -  
c e l l  had a volume o f  about 10 m i l l i l i t e r s  and 0.635-centimeter s ta in less  s tee l  
f i t t i n g s  f o r  connections t o  a pressure head. A g lass c a p i l l a r y  o f  1 m i l l i m e t e r  
i r , terna l  diameter was used f o r  aetermining the  r a t e  o f  f low. The hal f -ce l l :  
are clamped against  the  separator. When studying the  FCGA + 5 percent EBL 
separator, pressure was appl ied by  r a i s i n g  o r  lowering the  pressure chamber. 
I n  the  case o f  t he  P2193, 40/60 separator, pressure was appl ied wi th n i t rogen 
gas. The s tud ies wi th 45 percent KOH so lu t i on  were performed i n  a n i t rogen 
atmosphere, and contact  wi th the  ambient atmosphere was avoided by us ing guard 
tubes and intermediate chambers o f  KOH p e l l e t s .  

The separator was f i x e d  between the  two h a l f - c e l l s  w i t h  neoprene rubber 
gaskets on both sides, and RTVlOE cement was used f o r  seal ing.  Because 
leakage was the major problem when stud ies were performed w i t h  45 percent KOH 
solut ion,  3.0 p s i  pressure o f  n i t rogen gas was appl ied on t h e  i n l e t  s ide  of 
the  c e l l  placed i n  the  water bath. Absence o f  evo lu t ion  o f  gas bubbles i n  t h e  
water surrounding the  c e l l  was chosen as the  c r i t e r i c n  fo r  proper sealing. A 
s ta in less  s tee l  screen was used as the support f o r  the  icn-exchange membrane 
and a polyethylene screen f o r  the  microporous separator. A l l  experiments were 
performed i n  a water bath where temperatures could be con t ro l l ed  t o  w i t h i n  
*0.05" C. 
microscope having a reso lu t i on  o f  0.001 centimeter. 
microporous separator, t he  f l o w  was fas t ,  and the t ime requ i red  f o r  5 cent i -  
meters o f  f l ow  i n  the c a p i l l a r y  was recorded w i t h  a stopwatch having a 
reso lu t i on  o f  0.02 second. 

The c a p i l l a r y  he igh t  readings were recorded w i t h  a t r a v e l i n g  
I n  the case o f  t he  

RESULTS AND DISCUSSION 

The d i ss ipa t i on  func t i on  6 ( r e f .  3 )  f o r  the t ranspor t  process o f  l i q u i d s  
through a membrane under the  in f luence o f  a pressure d i f f e rence  AP and con- 
cent ra t ion  d i f fe rence AC can be w r i t t e n  as 

9 = J,=AP + JD'AIT (1 

where Jv i s  the volume flow, JD i s  the  d i f f u s i o n a l  flow, AP i s  t he  
pressure d i f ference,  and ATI i s  the d i f fe rence i n  osmotic pressure across the 
membrane and i s  equal t o  RTAC. 
r e l a t i n g  the  f lows and forces given i n  equation (1) are 

The phenomenological equations ( re fs .  3 and 4 )  

Jv = LP'AP + LPD'RTAC 

J D  = LDP'AP + LD'RTAC 

For  such a system, Onsager's rec ip roca l  r e l a t i o n  ( re f s .  5 and 6 )  i s  

LPD = LDP 

( 3 )  

( 4 )  

are the mechanical c o e f f i c i e n t  o f  f i l t r a t i o n  (commonly 
where c a l l e d  t LR e permea and i l i t y  c o e f f i c i e n t ) ,  and the d i f f u s i o n  coe f f i c i en t ,  
respect ive ly .  
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Let  us consider the experiment i n  which the concentrat ion o f  t he  so lu te  
i s  the same on both sides o f  t he  membrane, so t h a t  bn, if any, i s  zero. Now, 
if a pressure d i f fe rence i s  maintained across the membrane, there e x i s t s  a 
volume f l o w  3,. When the concentrat ion i s  the  same on both sides o f  the  
membrane, the  volume f low 3, can be given as 

Jv Lp AP 

The values of Lp are estimated from the  3 and AP values. The values 
o f  Jv, AP, and LP f o r  water and 45 percen! KOH s o l u t i o n  through the  
separators a t  d i f f e r e n t  temperatures are given i n  tab les  I and 11. 
of 3, as a func t ion  o f  AP f o r  permeation o f  water through FCGA + 5 
percent EBL are shown i n  f i gu res  1 t o  4. The LP values o f  microporous 
separators have an uncer ta in ty  o f  3.5 percent and ion-exchange separators an 
uncer ta in ty  o f  1.2 percent. 

Tables I and I 1  show t h a t  the permeabi l i ty  o f  the microporous separator 
Lp 
r a t o r .  This i s  no t  unexpected because the microporous separator has la rger  
pores. The permeabi l i ty  i s  equivalent t o  the f l u i d i t y  o f  the  l i q u i d ,  and the 
v i s c o s i t y  i s  the rec ip roca l  o f  the  f l u i d i t y  ( re f .  2). I n  general, i t  i s  more 
coinmon t o  r e f e r  t o  permeabi l i ty ,  the  tendency t o  flow, ra the r  than v iscos i ty ,  
t he  res is tance t o  f low. 

water, and t h i s  may be explained as fo l lows:  
t he  thickness o f  thc. e l e c t r i c a l  double layer  i n  the pores i s  small enough no t  
t o  a f f e c t  the e f f e c t i v e  psre diameter. 
increases, the  thickness o f  the double layer  increases, and the e f f e c t i v e  pore 
s ize  decreases, thus decreasing the  permeabi l i ty  of 45 percent KOH so lu t ion .  
I n  the case o f  the ion-exchange separator, the permeabi l i ty  i s  smaller w i t h  
KOH so lu t i on  than w i t h  water. 
cha rac te r i s t i cs  o f  the separator. I n  the  absence of e l e c t r o l y t e  the  polymeric 
ion-exchange membrane may be h i g h l y  swollen. As the e l e c t r o l y t e  concentrat ion 
increases, the membrane may shr ink,  thus making the e f f e c t i v e  pore s ize  
smaller and decreasing the permeabi l i ty .  

The compa t ib i l i t y  o f  equation ( 5 )  w i t h  P o i s s u i l l e ' s  l a w  requi res ( re f s .  7 
and 8) tha t  

The p l o t s  

i s  f i v e  orders o f  magnitude la rge r  than tha t  o f  the ion-exchange sepa- 

I n  the case of the  microporous separator, the permeabi l i ty  i s  l a rge r  w i t h  
I n  the absence o f  e lec t ro l y te ,  

As the e l e c t r o l y t e  concentrat ion 

This may be a t t r i b u t e d  t o  the  swe l l ing  

where y represents the r a d i i  o f  the i t h  cap i l l a ry ,  n i s  the  number o f  
c a p i l l a r i e s  o r  pores i n  the separator, , i s  the v i s c o s i t y  o f  the permeant, 
and L i s  the thickness o f  the separator. The replacement o f  a s ing le  
c a p i l l a r y  o r  pore by a porous separator i s  no t  expected t o  change the basic 
form o f  the equation ( r e f .  8). The v a r i a t i o n  o f  the v i s c o s i t y  , o f  a l i q u i d  
w i t h  temperature can be expressed as an a c t i v a t i o n  process: 

E /RT 
Q 

Q = At? (7) 

where A and E, are constants, E, being the a c t i v a t i o n  energy ( r e f ,  1) 
per  mole f o r  the f low; R i s  the gas constant; and T i s  the  temperature i n  
Kelv in.  Subs t i tu t ion  o f  equation ( 7 )  i n t o  ( 6 )  and tak ing  the locjarithm y i e l d  
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where 
i=n  . 

4 C Y i  

i -1 
K = 109 t g'rii = constant 

When l o g  Lp i s  p l o t t e d  as a func t i on  of 1/T, a s t r a i g h t  l i n e  i s  obtained. 
This  i s  shown i n  f i gu res  5 t o  8. The values o f  E, estimated from the  
p l o t s  are given i n  &able 111. 

I d e n t i f y i n g  E wi th the  enthalpy o f  a c t i v a t i o n  f o r  viscous f l ow  
AH* and us ing the  &w ing  r a t e  equation r e s u l t  i n  

where rl i s  v i s c o s i t y  o f  the  permeant, N i s  Avogadro's number, h i s  
Planck's constant, V i s  the  molar volume o f  the  permeant, and AS* i s  t h e  
entropy of ac t i va t ion .  The entropy o f  a c t i v a t i o n  AS* o f  f l ow  through the  
separator was estimated by using Q values f o r  water and 45 percent KOH and 
so lu t i on  from the l i t e r a t u r e  ( r e f .  8) ,  us ing values f o r  the constants N and 
R, and tak ing  V as 18.0 and 12.5 f o r  water and KOH solut ion,  respect ive ly .  
These values of AS* are given w i t h  AH* i n  t a b l e  I V .  

The negat ive value o f  the entropy o f  ac t i va t i on  ind icates ( re f .  10) t h a t  
t h e  water molecules were conf ined t o  s ta tes  o f  h igh  order as they were 
transformed across the microporous separator. This may be a t t r i b u t e d  t o  the  
hydroph i l i c  nature o f  the separator. Water enters  i n t o  e l e c t r o s t a t i c  i n t e r -  
act ion wi th the chemical components o f  the wa l ls  o f  the pores o f  the  separator, 
and consequently a s t a t e  o f  h igh  order i s  at ta ined. With the  KOH solut ion,  
the smaller magnitude o f  AS* may be a t t r i b u t e d  t o  the compet i t ion between 
the water molecules bonding w i t h  the  separator mater ia l  and the  so lu t i on  ions 
due t o  hydration. The p o s i t i v e  value o f  AS* f o r  the ion-exchange separator 
suggests the absence o f  e l e c t r o s t a t i c  i n te rac t i ons  as the  permeant molecules 
are t ransferred across the separator. 

CONCLUDING REMARKS 

The study shows t h a t  there i s  a la rge  d i f fe rence i n  the a c t i v a t i o n  param- 

The enthalpy o f  a c t i v a t i o n  and entropy c f  a c t i v a t i o n  o f  t ranspor t  
e te rs  f o r  the t ranspor t  of l i q u i d s  through microporous and ion-exchange 
separators. 
are useful proper t ies fo r  charac ter iz ing  d i f f e r e n t  b a t t e r y  separators. 
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TABLE 1. - PERMEABILITY DATA FOR WATER AND 45 PERCENT KOH 
SOLUTION ACROSS MICROPOROUS SEPARATOR 

Pressure 
difference, 

A P  , 
cm of water 

4.00 
3.50 
3.25 
3.00 

4.00 
3.50 
3.00 
2 .50  

(a )  Permeant, water 

Volume f low, 

0 3  sec-1 

Permeabi 1 i t y  
JV , coef f i c ien t ,  

LP 9 

cm3 sec-1 atin-1 

3. OOx 1 0- 
2 .a2 7.44 
2 . 3 3  
2 .?O 

13.02 1 5. 0ox 10-2 
4 .b8 
3.52 
2.87 

Temperature , 
'C 

25 

40 

45 

5u 

Voluine flow, 
J V ,  

t - d  sec-1 

( a  1 

Per ineabi l i ty  
c o e f f i c i e n t ,  

LP 9 

cm3 sec-1 cttni-l 

( b )  Permeant, 45 percent KOH so lut ion;  pressure, 
2 centimeter height o f  s o l u t i o n  

Temperature, 
O c :  

24 
30 
35 
40 

2 . 6 0 ~ 1 0 ' ~  
3 . 3 3  
4.18 
5.33 

0.135 
.172 
.21b 
.275 

aVd1ues represent averages of s i x  o r  more 
readings. Flow r a t e  was estimated from t ime 
w y u i r e d  f o r  l i q u i d  meniscus t o  f low d f i x e d  
distance under 2 cm o f  #OH s o l u t i o n  pressure. 
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TABLE 11. - PERMEABILITY DATA FOR WATER AND 45 PERCENT 
KOH SOLUTION ACROSS ION-EXCHANGE SEPARATOR 

(a) Permeant, water; pressure, 3.0 p s i  o f  ni.trogerb i a s  

Temper a t  u re  , 
‘C 

22 
30 
40 
50 

Volume f low, 
JV, 

cm3 sec-1 

1.04~10’7 
3.49 
6.01 
8.94 

Permeabi 1 i ty 
c o e f f i c i e n t  , 

LP 9 

cm3 s e d  atm-1 

0 . 51x1 0-6 
1.71 
2.94 
4.38 

(b) Permeant, 45 percent KOH so lu t i on  

Temperature, 
‘C 

20 
30 
40 
50 

Volume f low, 
JV, 

cm3 sec-1 

0.79~10’7 
1.39 
4.06 
8.11 

Permeab i 1 i ty  
coe f f i c i en t ,  

LP 9 

cm3 sec-1 atm-1 

0.39x1W6 
68 

1.99 
3.97 

7 



Separator 

Microporous 

Ion-exchange 

Permeant Act iva t ion  energy, 
kcal  mol-’ 

Water 1.59tO.08 
KOH so lu t ion  3.39t0.10 

Water 7.78a.05 
KOH so lu t ion  6.47t0.05 

Separator 

M i  croporous 

Ion-exchange 

Perinean t Enthaply, AH*, Entropy, AS*, 
kcal  mol-’ c a l  deg-l mol” 

Water 1.59.to.08 -11 77‘4.60 
KOH so lu t ion  3.39i0.10 - 6.77*0.20 

Water 7.7844.05 9.35a0.08 
EOH so lu t ion  6.47t0.05 3.7W0.09 
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Figure 1. - Volume flow as function of pressure difference for microporous separator at 
' 60  c. 
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Figure 2. - Volume flow as function of pressure difierence for microporous separator at 
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Pressure difference, AP, cm of water 

figure 3. - Volume flow as function of pressure difference for microporous separator at 
450 c. 
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Figure 4. - Jolume flow as function of pressure difference for microporous separator at 
so c. 
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Figure 5. - Arrhenius plot for flow of water through microporcus separator. 
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Figure 6. - Arrhenius plot for flow of 45 percent KOH solution thiJugh microporous separator. 
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Figure 7. - Arrhenius plot for flow ol  e e r  through m-exchange separator. 
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Figure d - Arrhenius plot for flow of 45 percent KOH solution through Ion-exchange separator. 


